
To wards Im prov ing Vis i bil ity Fore casts in Tai wan: A Sta tis ti cal Approach

John Chun-Han Lin1, *, Jyh-Huei Tai 2, Chin-Hui Feng 2, and De-En Lin 2

1 De part ment of Earth and En vi ron men tal Sci ences, Uni ver sity of Waterloo, Waterloo, On tario, Canada
2 Air Force Weather Wing, Tai pei, Tai wan, ROC

Re ceived 7 October 2008, ac cepted 13 May 2009

AB STRACT

Re duced vis i bil ity is a ma jor safety con cern at air ports lead ing to flight de lays or di ver sions. The pri mary mo ti va tion for

this study is to en hance un der stand ing of vis i bil ity and to build a sim ple, prac ti cal vis i bil ity fore cast ing method across Tai wan

in an op er a tional set ting by us ing readily avail able, ground-based observations.

This pa per pres ents for the first time a sys tem atic, quan ti ta tive ex am i na tion of the con trols on vis i bil ity over the en tire

Tai wan re gion by adopt ing a sta tis ti cal ap proach re lat ing vis i bil ity to var i ous phys i cal vari ables. A mul ti ple lin ear re gres sion is

car ried out for the early morn ing hours dur ing the months of November ~ April, when vis i bil ity is es pe cially low. The

re gres sion re veals that on the west coast of Tai wan, the con cen tra tion of fine par ti cles (PM2.5) and rel a tive hu mid ity (RH) are

most re lated to vis i bil ity, and to a lesser ex tent, coarse par ti cles (PM10-2.5) and windspeed. The sig nif i cantly el e vated PM

con cen tra tions would, there fore, cause a marked re duc tion in vis i bil ity on Tai wan’s west coast - where most of Tai wan’s

pop u la tion and anthropogenic PM emis sions are found. Vis i bil ity on the east coast ap pears to be con trolled by some what

dif fer ent mech a nisms, with rain fall play ing a larger role. The prob a bil ity of oc cur rence of es pe cially low vis i bil ity (£ 1600 m)

was re vealed by lo gis tic re gres sion to be the most sta tis ti cally re lated to RH, and, to a less extent, to PM concentrations.

An un cer tainty anal y sis to un der stand cur rent lim i ta tions in pre dict ing vis i bil ity in di cated that 24-hour vis i bil ity for ecasts

were dom i nated by a) er rors in fore cast ing RH and b) in ad e qua cies in the adopted sta tis ti cal model, fol lowed by c) er rors in PM

fore casts. Hence to min i mize the con sid er able un cer tain ties in vis i bil ity fore casts, which could reach stan dard de vi a tions of

sev eral thou sand me ters, fu ture work needs to adopt a more so phis ti cated sta tis ti cal model as well as re duce the con sid er able

er rors in pre dict ing RH. Fi nally, the un cer tain ties as so ci ated with PM can be re duced by improving PM emission estimates

through an inverse analysis method.
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1. IN TRO DUC TION/MO TI VA TION

Vis i bil ity is de fined as the “great est dis tance in a given

di rec tion at which an ob ject can be vi su ally iden ti fied with

un aided eyes (Yuan et al. 2006).” Re duced vis i bil ity has

long been rec og nized as a ma jor con cern at air ports (George

1960; Mar tin and Suck ling 1987) by caus ing flight de lays or

di ver sions, with sig nif i cant at ten dant fi nan cial costs (Teixeira 

and Miranda 2001). Given the large im pact of vis i bil ity on

avi a tion, ac cu rate fore casts are im por tant. Im per fect vis i bil -

ity fore casts ad versely af fect air port op er a tion, re sult ing in

di verted flights when vis i bil ity is lower than ex pected and

lost ca pac ity when vis i bil ity is higher than ex pected (Müller

et al. 2007). The mo ti va tion of this re search pro ject is to

im prove vis i bil ity fore casts at var i ous air ports around Tai -

wan. A re lated ob jec tive is to gain in sight and sci en tific un -

der stand ing of fac tors con trol ling vis i bil ity.

We adopt an em pir i cal, sta tis ti cal ap proach to char ac ter -

ize vis i bil ity with a goal to wards em ploy ing the re sults in an

op er a tional fore cast ing set ting. A sim ple mul ti ple lin ear re -

gres sion method is adopted, as this work is en vi sioned to

pro vide an ini tial, over all pic ture of the fac tors con trol ling

vis i bil ity around the en tire Tai wan re gion. The dataset de -

rives from readily avail able, ground-based ob ser va tions at

air ports as part of rou tine avi a tion weather re ports (METARs).
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The rea sons for us ing such “sim ple” ob ser va tions are two -

fold: 1) wide avail abil ity of con tin u ous ob ser va tions; 2) ease 

of use when for mu lat ing vis i bil ity fore casts. “Ease of use”

re fers to the avail abil ity of timely, up-to-date ob ser va tions

that can be readily used for fore cast ing pur poses. This means 

that quan ti ties such as chem i cal com po si tion of at mo spheric

particulates (Horng and Cheng 2008), al though dem on -

strated to have im por tant con se quences for in flu enc ing vis i -

bil ity (Tsai and Cheng 1999; Yuan et al. 2006), will not be

con sid ered, since such ob ser va tions are avail able only on a

lim ited, cam paign ba sis. In ad di tion, we make use of par tic u -

late mat ter (PM) mea sure ments be ing car ried out by au to -

mated in stru men ta tion on a con tin u ous ba sis around Tai wan

by the En vi ron men tal Pro tec tion Ad min is tra tion (EPA)

(Chang and Lee 2007a).

To our knowl edge from the pub lished lit er a ture, a sta tis -

ti cal mod el ing ap proach to pre dict vis i bil ity has yet to be at -

tempted over the en tire Tai wan re gion. This is the first time a 

large num ber of sta tions are an a lyzed to re veal spa tial pat -

terns in vis i bil ity around Tai wan and the fac tors con trol ling

vis i bil ity. Pre vi ous stud ies gen er ally fo cused on vis i bil ity at

a sin gle lo ca tion (e.g., Tsai and Cheng 1999; Yuan et al.

2006) or only a few, gen er ally ur ban sites (Chen et al. 1999).

While the sta tis ti cal ap proach may lack di rect con nec tion to

phys i cal mech a nisms, it is none the less a first step to wards

phys i cal un der stand ing, as the sta tis ti cal re sults would de -

monstrate ex actly which vari ables are most re lated to vi si -

bility; also, the re gres sion co ef fi cients them selves may hint

at phys i cal mech a nisms at play.

Af ter a dis cus sion of the ob ser va tional dataset and sta -

tis ti cal meth od ol ogy (sec tion 2), this pa per pro ceeds as fol -

lows. First, we pres ent fig ures sum ma riz ing the vis i bil ity

data and iden tify dom i nant fea tures in the data (sec tion 3).

Sec ondly, we ex am ine which phys i cal vari ables are the

most im por tant in de ter min ing vis i bil ity, as a guide to wards 

build ing the sta tis ti cal model (sec tion 4.1). Thirdly, we carry 

out mul ti ple re gres sion to re late vis i bil ity to phys i cal vari -

ables in a quan ti ta tive man ner. The mul ti ple re gres sion con -

sists of two parts. The first part (sec tion 4.2) is based upon a 

lin ear model that pre dicts vis i bil ity, while the sec ond part

(sec tion 4.4) hones in on the prob a bil ity of oc cur rence of

ex tremely low vis i bil ity events (£ 1600 m) by us ing a lo gis -

tic re gres sion model. A quan ti ta tive anal y sis of un cer tain -

ties in fore casts of vis i bil ity by us ing the re gres sion model

fol lows next (sec tion 4.3). Fi nally, our sum mary and con -

clu sions are pre sented in sec tion 5, along with a dis cus sion

of how the un cer tain ties cur rently lim it ing ac cu racy of vis i -

bil ity fore casts can be min i mized.

2. MEA SURE MENTS/METH OD OL OGY

2.1 Vis i bil ity and Me te o ro log i cal Mea sure ments

A large at mo spheric ob ser va tional da ta base has been

col lected over nu mer ous years by the Tai wan ese Air Force at 

13 sta tions around Tai wan (Ta ble 1). Two of the sta tions

were sit u ated on the small off-shore is lands of Magong (QC) 

and Lyudao (LT). Ex cept for MQ and LT, all of the other sta -

tions were close to sea level, with el e va tions < 50 m above

sea level. The geo graph ical lo ca tions of the 13 sta tions can

be seen in Fig. 1.

At these sta tions mea sure ments of vis i bil ity and stan -

dard me te o ro log i cal vari ables such as tem per a ture, dew

point, rain fall, wind speed, and wind di rec tion were car ried

out at least ev ery hour. All of these vari ables were mea sured

as part of an au to mated weather ob ser va tion sys tem (AWOS). 

These sta tions were out fit ted with the AWOS 2000 (Artais

Weather Check, Ohio, USA) in the early 1990s and are ser -

viced and cal i brated ev ery 3 months. A de scrip tion of the

AWOS 2000 can be found in Arpino (1994).

The vis i bil ity mea sure ment is re ferred to as “ho ri zon

vis i bil ity” and is de fined as the vis i bil ity in the hor i zon tal di -

rec tion, in all 360 de grees. These ob ser va tions de rive pri -

mar ily from hu man ob serv ers look ing out to wards the ho ri -

zon, at ob jects of a known dis tance. The ob ser va tions were

sup ple mented with mea sure ments from the AWOS-based

vis i bil ity sen sor, par tic u larly un der con di tions of ex tremely

low vis i bil ity, when dis tant ob jects can no lon ger been dis -

tin guished.

The data were re ported fol low ing the for mat of rou tine

avi a tion weather re ports (METARs). Tem per a ture and dew -

point were re ported as whole num bers, thus in tro duc ing er -

rors in the de rived rel a tive hu mid ity (see sec tion 4.3 for de -

tails). Vis i bil ity ob ser va tions were re ported at dis crete lev els 

fol low ing In ter na tional Civil Avi a tion Or ga ni za tion (ICAO) 

guide lines (ICAO An nex 3 2007), at ev ery 1000 m above

5000 m and with the max i mum value set to 9999 m.

This study makes use of data from the years of 2005 ~

2007. 2005 was the first year in which PM2.5 was mon i tored

widely around Tai wan on a con tin u ous ba sis. The 2005 and

2006 data were used in fit ting the re gres sion model, while

2007 was used as an in de pend ent dataset to eval u ate the sta -

tis ti cal fit and to quan tify un cer tain ties in ex trap o lat ing the

fit ted sta tis ti cal coefficients to other years.

2.2 Par tic u late Mat ter (PM) Mea sure ments

The vis i bil ity dataset was com bined with hourly mea -

sure ments of par tic u late mat ter (PM) con cen tra tions (in

mg m-3) car ried out by Tai wan’s En vi ron men tal Pro tec tion

Ad min is tra tion (EPA). Par tic u late mat ter re fers to “any ma -

te rial, ex cept un com bined wa ter, that ex ists in the solid or

liq uid state in the at mo sphere or gas stream at stan dard con -

di tion” (Malm 1999).

PM con cen tra tion mea sure ments were car ried out at

sta tions in the Tai wan Air Qual ity Mon i tor ing Net work

(TAQMN) (Chang and Lee 2007a). Ob ser va tions of both

PM2.5 and PM10 were avail able, where PM2.5 and PM10 re -

fer to PM be low aero dy namic di am e ters of 2.5 micrometers
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and 10 mi crom e ters, re spec tively. The PM mea sure ments

were car ried out by the Beta attenuator method (Chang

and Lee 2007a) us ing the beta gauge au to mated par ti cle

mon i tor (EQPM-0391-081) for PM10 and model EQPM-

 0990-076 with a 2.5 mm cut size in let for PM2.5 (Chang

and Lee 2007b). TAQMN in stru ments un der went reg u lar

daily zero and span checks, as well as cal i bra tion (Chang

and Lee 2007a, b). Fol low ing Yuan et al. (2006), we re fer

sub se quently to PM2.5 and PM10-2.5 as the con cen tra tion of

“fine” and “coarse” par ti cles, re spec tively. PM10-2.5 was

cal cu lated by sim ply tak ing the dif fer ence be tween PM10

and PM2.5.

Since PM mea sure ments were not co in ci dent with those

from the Air Force, we merged the two datasets by sim ply

choos ing PM mea sure ment sites clos est to each Air Force

air port. Dis tances be tween air port and PM mea sure ment

sites ranged from 1 to 36 km (Ta ble 1), re sult ing in un cer -

tain ties due to spa tial dis place ment in vis i bil ity and PM. The

dis place ment at LT was as much as 36 km, be cause no PM

ob ser va tions were avail able on Lyudao Is land; the clos est

one was on the main is land of Tai wan. In con sid er ation of

the ocean and large dis tance sep a rat ing the vis i bil ity and PM

mea sure ments, we re moved PM from con sid er ation at LT in

sub se quent anal y ses.

2.3 Sta tis ti cal Mod el ing

2.3.1 Mul ti ple Lin ear Re gres sion

The de gree to which dif fer ent vari ables were “use ful” in 

pre dict ing vis i bil ity was first es tab lished by fit ting a lin ear,

mul ti ple re gres sion model and then cal cu lat ing the change in 

Akaike In for ma tion Cri te rion (AIC; Akaike 1974) when

each ex plan a tory vari able was dropped from the re gres sion

(Venables and Ripley 2002). AIC is a mea sure of the good -

ness of fit of a sta tis ti cal model and of ten used for model se -

lec tion. AIC is de fined as fol lows (Akaike 1974):
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Fig. 1. Monthly av er aged vis i bil ity (years 2005 ~ 2007) based on the 13 ob ser va tional stations around Tai wan and out ly ing is lands. The con tin u ous

fields were con structed by in ter po lat ing the sta tion data us ing a Kriging method (Venables and Ripley 2002). Note the color scale in creases from red

(low vis i bil ity) to blue (high).



AIC = -2maximized log-like li hood + 2 # pa ram e ters (1)

The co ef fi cient of -2 means that lower AIC is as so ci ated

with higher like li hood (sta tis ti cally “su pe rior”). How ever,

a cost is im posed when the tighter fit is achieved by ad di -

tional pa ram e ters to the model (sec ond term on the RHS). If 

drop ping a par tic u lar vari able re sulted in a lower AIC, we

re moved it from con sid er ation in the sub se quent mul ti ple

re gres sion. De tailed re sults from the AIC anal y sis will be

shown in sec tion 4.1.

From the AIC anal y sis the fol low ing lin ear model was

es tab lished:

Visib = Mi + B(100 - RH) * [100 - RH] + BPM2.5 * [PM2.5]

+ BPM10-2.5 * [PM10-2.5] + Brain * [Rain]

+ Bwind * [Windspd] (2)

where Visib in di cates vis i bil ity, RH is rel a tive hu mid ity,

PM2.5 and PM10-2.5 are the par tic u late mat ter con cen tra -

tion of fine and coarse par ti cles, re spec tively, and Windspd

is the windspeed. Rain in di cates the pres ence of rain: 1

when rain is pres ent, 0 when oth er wise. Mi and Bvar (where

var in di cates any ex plan a tory vari able) are the para meters

to be solved in the re gres sion. Mi de notes a “month” fac tor 

with i de not ing the var i ous months of the year. Mi can be

also thought of as the “base-line vis i bil ity” with RH =

100% and in the ab sence of PM, rain, or wind. (100 - RH)

can be re garded as a mea sure of the de vi a tion from sat u -

ra tion - i.e., a mea sure of the at mo sphere’s “dry ness.”

(100 - RH) was cho sen rather than RH, be cause the mean

val ues of RH were high over Tai wan (Ta ble 1), closer to

100% than to 0%. This meant that se lect ing 100% as the

“or i gin” - i.e., the point of de par ture - was a nat u ral

choice. In any case, due to the lin ear re la tion ship be -

tween RH and (100 - RH) val ues of Bvar for other ex plan -

a tory vari ables would not be changed with the choice of

(100 - RH).

Equa tion (2) is sim ple and is by no means meant to be

ex haus tive in its con sid er ation of vari ables that might

con trol vis i bil ity (syn op tic weather sys tems, strength of

tur bu lence, mixed-layer height are just a few of the other

pos si ble vari ables). It also does not at tempt to fit a sep a -

rate Bvar for each month. The rel a tive sim plic ity of the sta -

tis ti cal model fol lows from the over arch ing goal of this

study, which is meant as an ini tial step to wards gain ing an

over all un der stand ing of vis i bil ity around the en tire Tai -

wan re gion rather than fo cus ing on de tails at in di vid ual

sites.

Val ues of Mi and Bvar were es tab lished through a least-

 square method that min i mizes the squared dif fer ences be -

tween the ob served and cal cu lated visibilities. We car ried

out the AIC and mul ti ple re gres sion cal cu la tions us ing the

func tion “lm” within “R”, an open source data anal y sis soft -

ware (R De vel op ment Core Team 2005).

2.3.2 Lo gis tic Re gres sion

We fur ther ze roed in on the vari ables con trol ling oc cur -

rence of par tic u larly low vis i bil ity events, de fined as when

vis i bil ity dipped to val ues £ 1600 m. The thresh old of 1600 m

was cho sen fol low ing per sonal com mu ni ca tion with per son -

nel in the Air Force fa mil iar with air port op er a tions, who

pointed out this as the value be low which air port op er a tions

are sig nif i cantly af fected by the low vis i bil ity.

Be cause in this case the vari able to be ex plained takes

on only two pos si ble out comes (pres ence/ab sence of low

vis i bil ity), a sta tis ti cal model is used to pre dict the prob a bil -

ity of oc cur rence of ex tremely low vis i bil ity events (p).

We adopt the lo gis tic re gres sion method to pre dict p

(Dalgaard 2002):

logit(p) = loge[p/(1 - p)] = mi + b(100 - RH) * [100 - RH]

+ bPM2.5 * [PM2.5] + bPM10-2.5 * [PM10-2.5] (3)

The logit func tion trans forms the prob a bil ity such that the

re sponse vari able is no lon ger lim ited to val ues be tween 0

and 1. p/(1 - p) is known as the “odds”. Thus pos i tive (ne -

gative) val ues of mi and bvar mean that the loge (odds) of

the event oc cur ring is en hanced (re duced). For in stance, if

bvar = 0.693, then the odds in crease by a fac tor of exp (0.693) 

= 2 for a unit in crease in var.

mi and bvar were fit ted through the method of max i mum

like li hood. Vari ables such as rain fall, windspeed, and wind

di rec tion were not suf fi ciently re lated to low vis i bil ity to be

con sid ered in Eq. (3). Sim i lar to the mul ti ple lin ear re gres -

sion, re gres sion vari ables were es tab lished by ex am in ing

AIC. Hours when vis i bil ity was £ 3200 m, close to the

thresh old of 1600 m, were se lected for anal y sis. Thus the

AIC se lects for vari ables that are sta tis ti cally vary ing with

vis i bil ity at low val ues, iden ti fy ing the vari ables that may

con trol the on set of ex tremely low vis i bil ity events.

3. OB SERVED PAT TERNS

We first show gen eral tem po ral and spa tial fea tures

iden ti fied in the data.

3.1 Ob served Pat terns in Vis i bil ity

3.1.1 Spa tial Pat terns in Vis i bil ity

The spa tial dis tri bu tion of mean vis i bil ity in each month

(av er age of years 2005 ~ 2007) is shown in Fig. 1. In most

months vis i bil ity along the west ern coast of Tai wan is no -

tice ably lower than that on the east. Dur ing the win ter months

of November ~ January vis i bil ity is par tic u larly low in the

south west ern re gion of the is land, with av er age val ues dip -

ping to 6000 m or so. In con trast, vis i bil ity is sig nif i cantly

higher dur ing the sum mer months of June ~ August, with

mean val ues of ap prox i mately 9000 m through out Tai wan.
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Note that these av er ages are bi ased to ward lower val ues,

since the re ported vis i bil ity had a ceil ing of 9999 m.

3.1.2 Tem po ral Pat terns in Vis i bil ity: Di ur nal +

Monthly

As an ex am ple of the mean di ur nal vari a tion of vis i bil -

ity, Fig. 2 shows the av er age di ur nal cy cle at var i ous months

for AY, close to the port city of Kaohsiung in south west Tai -

wan. A dis tinct di ur nal pat tern can be ob served in the non-

 sum mer months, in which the vis i bil ity reaches the di ur nal

max i mum at 1500 LT and de creases af ter wards through out

the night to es pe cially low val ues at dawn, reach ing the low -

est lev els at 0700 LT. The same time of day was also re ported 

by Yuan et al. (2006) to be when the low est vis i bil ity at

Kaohsiung was ob served. The im pact of rain fall on vis i bil ity 

is par tic u larly ev i dent in the sum mer as wit nessed in the

higher (gray points) vis i bil ity when hours with rain fall are

re moved. The afore men tioned pat tern in AY is widely re -

peated in other west coast sta tions (not shown).

In con trast, the di ur nal pat tern for YU on the east coast

(Fig. 3) shows no dis tinct morn ing drop in vis i bil ity. There

ap pears in stead to be a de crease in the af ter noon, which is

not seen in the hours with out rain fall (gray points). This pro -
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Fig. 2. Monthly av er aged di ur nal cy cle of vis i bil ity (years 2005 ~ 2007) at AY (Gangshan). The x-axis is in lo cal time (LT). The black points de rive

from the en tire dataset, while the gray points come from a dataset when hours with rain fall are fil tered out. The per cent age of hours in the month when

rain fall oc curred is also in di cated. The er ror bars in di cate the stan dard er ror (which is the stan dard de vi a tion di vided by N1/2, where N is the sam ple

size).



nounced rain fall ef fect is ob served through out the year, in -

stead of being re stricted to the sum mer months as it is for

AY and other west coast sta tions. The qual i ta tive fea tures

ob served in YU are also ob served for the other two east coast 

sta tions - CS and ZN.

Due to the fact that the higher lev els of vis i bil ity do not

cause sig nif i cant im pact on avi a tion, we fo cused on the

times with the most pro nounced drop in vis i bil ity. Half of the 

year (May ~ October), in which high vis i bil ity was ob served

over most of Tai wan (Fig. 1), was ex cluded from sub se quent 

sta tis ti cal anal y ses. Fur ther more, we fo cused on the hours

0400 ~ 0800 LT, when es pe cially low vis i bil ity is ob served

over a ma jor ity of sta tions (e.g., Fig. 2).

3.2 Ob served Pat terns in PM

The spa tial dis tri bu tion of mean PM2.5 con cen tra tions in

each month (av er age of years 2005 ~ 2007) is shown in Fig. 4. 

To some de gree this fig ure shows sem blance to the mean vis -

i bil ity (Fig. 1), in which low vis i bil ity of ten cor re sponds to

high PM con cen tra tions (note flipped color scale). MQ was a 

no ta ble ex cep tion dur ing Jan u ary, March, and April, when

low vis i bil ity was not as so ci ated with par tic u larly high PM

con cen tra tions. MQ is sit u ated at a higher el e va tion, at > 200 m

asl on the east ern side of Mt. Dadu and sep a rated from the

EPA’s PM sta tion, which is only 5 km away but at a lower

elevation of < 100 m asl and to the west of Mt. Dadu. We
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believe the lack of cor re spon dence be tween PM and vis i bil -

ity at MQ to be pri mar ily due to this spa tial sep a ra tion.

Con cen tra tions of PM2.5 are lower in the sum mer (June

~ Au gust), pre sum ably due in part to rain fall serv ing as a

sink of PM through wet de po si tion. The high est av er age

PM2.5 con cen tra tions are found in the south west ern part of

Tai wan, at sta tions such as AY, SQ, DC, KU, and NN. For

coarse par ti cles (PM10-2.5) the high est lev els are found at the

same sta tions (Ta ble 1), and the spa tial dis tri bu tions at va -

rious months are very sim i lar, with sig nif i cantly lower con -

centrations on the east coast.

The main sources of PM10 have been iden ti fied as ve -

hicle emis sions, in dus try, sec ond ary aero sols, crustal dust,

bio mass burn ing, ma rine spray, and com bus tion from a pre -

vi ous study in cen tral Tai wan (Chio et al. 2004). Most of

these sources arise from anthropogenic and in dus trial ac tiv -

ity. Most of the Tai wan ese pop u la tion can be found along the 

west ern plain re gion, par tic u larly in the three ur ban re gions

of Tai pei, Taichung, and Kaohsiung in the north ern, cen tral,

and south ern parts of the west ern plain, re spec tively (Chen

et al. 1999). More than 60% of Tai wan’s heavy in dus tries are 

found in Kaohsiung (Yuan et al. 2006), near which the sta -

tions AY, SQ, and DC are all found. The high level of PM

con cen tra tions ob served in south west ern Tai wan nat u rally

fol lows from these strong emis sions. This is in ac cor dance

with a prior ob ser va tional study that showed Kaohsiung to

have the high est PM con cen tra tions, on av er age, among the

three ma jor ur ban re gions (Chen et al. 1999).

4. RE SULTS

4.1 Which Vari ables are Most Im por tant?

Ta ble 2 shows re sults from an at tempt - based on the

AIC - to de ter mine which vari ables are the most im por tant (in

a sta tis ti cal sense) in pre dict ing vis i bil ity. “Im por tant” is de -

fined here as the high est in curred “cost” (most in crease in

AIC; see sec tion 2.3.1) when a vari able is re moved from con -

sid er ation in a re gres sion model. In all of the west coast sta -

tions the three most im por tant vari ables are Mi, PM2.5, and

(100 - RH). For the ma jor ity of sta tions the monthly fac tor Mi
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Fig. 4. Monthly av er age con cen tra tions of PM2.5 (years: 2005 ~ 2007) based on the 13 ob ser va tional sta tions; sim i lar to Fig. 1.



was the most sig nif i cant, sug gest ing that sys tem atic month-

 to-month vari a tion in vis i bil ity ex ists. Rain fall is more im -

por tant on the east coast, com ing in sec ond at YU, CS, and LT

and third at ZN. The fine par ti cles PM2.5 ap pear to be more

closely as so ci ated with vis i bil ity than the coarse par ti cles

PM10-2.5.

The wind-re lated vari ables (wind sec tor and windspeed) 

are gen er ally less im por tant. The “wind sec tor” re fers to

clas si fi ca tion of wind di rec tion data into the four car di nal di -

rec tions (N, E, S, W). At 7 out of the 13 sta tions wind sec tor

is the least im por tant vari able; at 5 of them it was wind

speed. At 6 sta tions wind sec tor is not sta tis ti cally sig nif i cant 

at the 0.01 level ac cord ing to the F-test (null hy poth e sis: re -

gres sion co ef fi cient = 0). The same is true for windspeed at 7 

sta tions.

We re moved vari ables re vealed as sta tis ti cally in sig nif i -

cant in Ta ble 2 from the mul ti ple re gres sion to be dis cussed

in the next Sec tion. Fur ther more, wind sec tor was re moved

from con sid er ation al to gether. Other than the fact that wind

sec tor seemed lower in im por tance than most other fac tors,

the rea sons are two fold. In some places al most all of the data

come from a sin gle sec tor; in other cases the wind sec tor va -

ried sys tem at i cally from month to month, sug gest ing strong

cor re la tion and lack of in de pend ence from the month fac tor.

In ad di tion, PM was not in cor po rated in the lin ear model 

for LT, be cause PM mea sure ments were car ried out far away

from this off-shore is land, at Taitung (Ta ble 1). The large

sep a ra tion distance likely con trib uted in PM be ing ranked

as only the fourth im por tant vari able, the low est rank ing

among all of the sta tions.

4.2 Re gres sion Re sults

We dis cuss re sults from the mul ti ple re gres sion (shown

in Ta ble 3), start ing from di ag nos tics and then mov ing on to

val ues of the fit ted re gres sion coefficients.

4.2.1 Model Eval u a tion: R2 and Re sid ual Stan dard

Er ror

A rough as sess ment of the sta tis ti cal model’s per for -

mance can be de ter mined by ex am in ing R2 and re sid ual

stan dard er ror. Both di ag nos tics were cal cu lated by com -

par ing 2007 ob ser va tions ver sus sim u lated val ues. Be -

cause the re gres sion co ef fi cients were fit ted with 2005 ~

2006 data, the 2007 ob ser va tions pro vide an in de pend ent

dataset against which to eval u ate the re gres sion. By us ing

a sep a rate year, the di ag nos tics also test the re gres sion

mo del’s ca pa bil ity to ex trap o late to years not used in the

fit ting pro cess.

The re gres sion model ac counted for roughly 30% to

60% of the vari ance, de pend ing on lo ca tion. The re sid ual

stan dard er ror is roughly 1000 ~ 2000 m, in di cat ing that the

re gres sion-pre dicted vis i bil ity de vi ates from mea sure ments

by this amount, on av er age.

The lower R2 val ues on the east coast (YU, CS, ZN) sug -

gest that vis i bil ity at those lo ca tions is con trolled by pro -

cesses that are cap tured only to a lim ited ex tent by the re -

gres sion model. The as so ci ated lower re sid ual stan dard er ror 

is a re flec tion of the fact that vis i bil ity on the east coast ex -

hib its less am pli tude to be gin with (Fig. 3).
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4.2.2 Month Fac tor Mi

Mi can be thought of as the “base line vis i bil ity” when RH

= 100% and when no PM, rain, or wind is pres ent [Eq. (2)].

Mi also re flects in flu ences from vari ables miss ing from the

re gres sion model that co-vary with the month. Ex am ples in -

clude wind di rec tion (sec tion 4.1), syn op tic con di tions

(wea ther sys tem), and cloud i ness.

From Ta ble 3 we can see that the fit ted val ues of Mi are

low est in the months of Jan u ary and Feb ru ary, which are

also the months with the low est av er age ob served vis i bil ity

(Fig. 1). While the ob served vis i bil ity can be thought of as

the base line vis i bil ity, plus the ad di tional im pact of ex plan a -

tory vari ables [sim i lar to Eq. (2)], it is not sur pris ing to see

the av er age vis i bil ity track the base line.

4.2.3 BPM

The re gres sion co ef fi cients Bvar in Ta ble 3 rep re sent the

sen si tiv ity of vis i bil ity to each ex plan a tory vari able var; it is

the “le ver age” dif fer ent phys i cal vari ables have on visibility.

BPM is neg a tive: i.e., vis i bil ity de clines with in creas ing

PM con cen tra tions. The aero sols com pris ing par tic u late

mat ter scat ter and ab sorb ra di a tion (Malm 1999), thereby

reducing vis i bil ity. In other words, BPM en cap su lates the

strength of aero sol light ex tinc tion due to ab sorp tion and

scat ter ing. Pre vi ous stud ies have at trib uted re duc tions in vi -

s i bil ity to high con cen tra tions of par ti cles with rel a tively

small di am e ter, rang ing from 0.1 to 2 mi crons (Sloane et al.

1991). These par ti cles are close in size to the wave length of

vis i ble light, hence the higher scat ter ing ef fi ciency (Malm

1999), and com prise most of the fine par ti cles com pris ing

PM2.5. In deed, BPM2.5 is more neg a tive than BPM10-2.5. BPM10-2.5

ranges from -6 to -34 m per mg m-3 of coarse par ti cles but in -

creases in mag ni tude to -31 ~ -63 in the case of PM2.5. The

sole ex cep tion was MQ, where BPM2.5 and BPM10-2.5

  
are com -

pa ra ble, at ~-30 m per mg m-3. This is likely be cause of the

spa tial mis match and ef fect from Mt. Dadu sep a rat ing the

vis i bil ity and PM ob ser va tions at MQ (see sec tion 3.2), with

er rors prop a gat ing into the de rived BPM.

The vari abil ity ob served in BPM at var i ous sites may be

due, to a large ex tent, to the vary ing chem i cal com po si tion of 

par ti cles. Among fine par ti cles the light scat ter ing co ef fi -

cient is a strong func tion of chem i cal com po si tion, with sul -

fate and ni trate spe cies be ing par tic u larly ef fi cient scat ter ers

(Sloane et al. 1991). The same re sult was con firmed in a pre -

vi ous study in Tai wan, based in Kaohsiung (Yuan et al. 2006).

On the other hand, the mag ni tudes of BPM2.5 and BPM10-2.5

de rived in this study are sig nif i cantly less - by an or der of

mag ni tude - than that from a pre vi ous study in Kaohsiung

(Yuan et al. 2006), which was ~-200 m per mg m-3. We sus -

pect that the rea son for this large dif fer ence is not just be -

cause of vari abil ity in chem i cal com po si tion, but be cause the 

vis i bil ity ob ser va tions in this study were re ported with ma -

ximum val ues im posed at 9999 m, while the ob ser va tions

in Yuan et al. (2006) had no such ceil ing. So any re duc tion of 

vis i bil ity above 9999 m (e.g., from 15 to 12 km) would be

ne glected.

4.2.4 B(100 - RH)

The val ues of B(100 - RH) are pos i tive, sug gest ing that as

the at mo sphere be comes drier (lower RH), vis i bil ity in -

creases. The low er ing of vis i bil ity with higher RH is likely

be cause fog for ma tion (also see sec tion 4.4) re quires sat u ra -

tion con di tions for wa ter va por to con dense to the liq uid

phase, a fun da men tal prin ci ple of at mo spheric ther mo dy -

nam ics (Bohren and Albrecht 1998). Fur ther more, aero sol

pro duc tion is known to be ac cel er ated at high hu mid ity con -

di tions (Tang et al. 1981). For in stance, high hu mid ity en -

ables SO2 to more readily dis solve in drop lets and ox i dize to

pro duce sul fate aero sols (Tsai and Cheng 1999). Fur ther -

more, in or ganic salts such as am mo nium sul fate and ni trate

are hy gro scopic, un der go ing con ver sion from solid par ti cles 

to so lu tion drop lets at higher lev els of RH and reach ing a

size that is es pe cially ef fec tive in scat ter ing light and re duc -

ing vis i bil ity (Malm 1999).

Pre vi ous lo cal ized stud ies in Taichung (Tsai and Cheng

1999) and Kaohsiung (Yuan et al. 2006) have both re -

ported vis i bil ity re duc tion when RH in creases. The re -

ported co ef fi cients of -190 m/% (Tsai and Cheng 1999)

and -150 m/% (Yuan et al. 2006) are very much com pa ra -

ble to the val ues for west coast sta tions in this study. This

sug gests that un like BPM, B(100 - RH) was not sig nif i cantly

af fected by the 9999 m ceil ing. We be lieve this im plies

that un der high vis i bil ity (> 9999 m) con di tions, RH af -

fects vis i bil ity less than PM, which scat ters/ab sorbs ra di a -

tion re gard less.

4.2.5 Brain

The val ues of Brain in di cate that the pres ence of rain fall

de creases vis i bil ity on av er age by hun dreds of me ters, up to

2000 m (at GM and YU). The rain fall-in duced fall in vis i bil -

ity ap pears to be large at all of the east coast sta tions and at

LT, with mag ni tudes all greater than 1500 m. The im pact of

rain fall can also be dis cerned in Figs. 2 ~ 3, with the rain -

fall-in duced vis i bil ity re duc tion be ing much more pro nounced 

at YU (Brain = -1902) than at AY (Brain = -1100) dur ing the

months of November ~ April.

The fac tors con trol ling Brain have been known at least

since the early 1920s. Pres ton (1920), us ing a sim ple phys i -

cal model, showed that the amount of vis i bil ity at ten u a tion

dur ing rain fall is “sim ply pro por tional to the num ber of

(drops fall ing onto a unit area of the earth’s sur face) per

second.” This work is up dated in Achour (2002). These au -

thors showed that the de gree to which rain fall de creases

visibility is mag ni fied when more rain drops are found in
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the atmosphere scat ter ing sun light. Given the same amount

of pre cip i ta tion ac cu mu lat ing over an hour, the vis i bil ity at -

ten u a tion would be less if the rain drops are larger (less num -

ber of drop lets in the at mo sphere). Since ob ser va tions of

rain drop size dis tri bu tions are not avail able, we can only

spec u late on this point and not at tempt to ver ify the cor re -

spon dence be tween Brain and rain drop sizes.

4.2.6 Bwind

Other than AY, the val ues of Bwind were pos i tive at the 5

other sta tions where windspeed was deemed sta tis ti cally

sig nif i cant. This sug gests that vis i bil ity in creases along

with windspeed, a re sult also pre vi ously ob served in south -

ern (Yuan et al. 2006) and cen tral (Tsai and Cheng 1999)

Tai wan.

Higher wind in duces me chan i cal pro duc tion of tur bu -

lence, lead ing to dis per sion as well as a higher bound ary

layer height (Stull 1988). Con versely, low wind con di tions

lead to buildup of mois ture and PM in a shal lower bound ary

layer, re sult ing in low vis i bil ity events. In deed, one of the

worst pol lu tion ep i sodes in south ern China was as so ci ated

with stag nant, low wind con di tions (Fu et al. 2008).

Bwind was neg a tive at AY, mak ing it an ex cep tion to the

above. We sus pect this is due to fog be ing advected to AY,

which was the ex pla na tion given for the neg a tive cor re spon -

dence be tween vis i bil ity and wind at some sites in Fin land

(Hyvärinen et al. 2007).

4.3 Un cer tainty Anal y sis

In this sec tion we ex am ine er rors in vis i bil ity that arise

from dif fer ent sources, par tic u larly if the re gres sion model is 

used in a fore cast set ting. The to tal er ror stot (i.e., the stan -

dard deviation of the to tal de vi a tion be tween ob served ver -

sus re gres sion-sim u lated vis i bil ity) is par ti tioned into the

sum of er ror in mea sur ing (smsm) and mod el ing (ssim) vis i bil -

ity. ssim, in turn, in cor po rates in ad e qua cies in the fit ted sta tis -

ti cal model (sfit) as well as un cer tain ties in the val ues of dif -

fer ent ex plan a tory vari ables (svar). Hence the er ror terms are as 

fol lows:

(4)

where Nvar is the num ber of ex plan a tory vari ables, and var

re fers to RH, PM, ... etc. Equa tion (4) as sumes that the dif -

fer ent er ror terms are in de pend ent of one an other (Tay lor

1997). sfit arises from the sta tis ti cal model’s lim i ta tions.

For in stance, for the mul ti ple lin ear re gres sion adopted here

[Eq. (2)] such re stric tions would in clude the de vi a tion from 

lin ear ity and the miss ing im pact of omit ted vari ables. svar

can be dis tin guished be tween the case of a) vis i bil ity “hind -

casts”, in which mea sure ments of ex plan a tory vari ables are 

used; b) vis i bil ity “fore casts”, in which pre dic tions of the

ex plan a tory vari ables are used (svar, fcst). The to tal fore cast

er ror when us ing the re gres sion (ssim, fcst) is, then:

(5)

To solve for ssim, fcst, the value of sfit

 

 needs to be first estab-

lished by re ar rang ing Eq. (4): s2
fit =  s

2
tot  - s2

msm - s 2

1

var

var

var

=

å
N

.

stot is set to the val ues of the re sid ual stan dard er ror shown

in Ta ble 3. smsm is es ti mated to be ap prox i mately 10% of the 

mea sured vis i bil ity, as a rough es ti mate of the mea sure -

ment er ror follow ing per sonal com mu ni ca tion with per -

son nel in the Taiwanese Air Force fa mil iar with the mea -

sure ments. One non-neg li gi ble con tri bu tion to svar in the

case of hindcasts is the er ror due to the fact that tem per a ture 

and dew point are re ported with out dec i mal points. We es -

ti mated this round- off er ror cause un cer tain ties of roughly

2% in RH. This 2% is then mul ti plied with B(100 - RH) in Ta -

ble 3 to cal cu late svar.

We de rived er rors in fore casted pre dic tor vari ables from 

the pub lished lit er a ture, and this er ror is mul ti plied by val ues 

of Bvar as spec i fied in Ta ble 3 to cal cu late svar, fcst. We cal cu -

late er rors of fore casts 24 hours into the fu ture, since this is a

typ i cal timeframe with which flight de ci sions are made. The

24-hour fore cast er ror of RH and windspeed are taken to be

17.5% and 3 m s-1, re spec tively, fol low ing the re sults of an

en sem ble mesoscale mod el ing study over the Tai wan area

by Chien et al. (2006). The fore cast er ror of hourly PM2.5 is

11 mg m-3, as seen in a US study based on a state-of-the-art

air qual ity mod el ing sys tem (Yu et al. 2008). We are not

aware of pub lished val ues for fore cast er rors in coarse frac -

tion PM (PM10-2.5). The fore cast er ror of daily av er aged

PM10 in a Eu ro pean study (Honore et al. 2008), how ever,

was iden ti cal to that re ported for daily av er aged PM2.5 (Yu et

al. 2008). This sug gests that the hourly fore cast er ror for

coarse frac tion PM is likely sim i lar to that for PM2.5. In the

ab sence of fur ther in for ma tion, we take the er ror of PM10-2.5

to be equal to that of PM2.5, at 11 mg m-3.

Re sults of the un cer tainty anal y sis are shown in Fig. 5.

sRH, fcst is by far the larg est source of er ror in re gres sion-

 predicted vis i bil ity on the west coast of Tai wan, with values

> 1500 m and even up to 3000 m. The con tri bu tion from un -

cer tain ties in pre dict ing PM2.5 is next in im por tance, fol -

lowed by PM10-2.5 and windspeed, which are com pa ra ble in

mag ni tude. The much lower sen si tiv ity to PM10-2.5 (Ta ble 3)

clearly caused the lower con tri bu tion from these coarser PM.

Due to the lack of suit able es ti mates of un cer tain ties in

pre dict ing rain fall events, we cur rently do not have a quan ti -

ta tive es ti mate of srain, fcst. How ever, it is clear that the val ues
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of Brain

 

in Ta ble 3 pro vide an up per bound for this un cer -

tainty.

The small est fore cast er rors are found at the three east

coast sta tions of YU, CS, and ZN. This fol lows from the fact

that vis i bil ity is gen er ally high on the east coast (Fig. 1), with 

smaller vari abil ity and thus smaller re sid ual er ror sfit. Fur -

ther more, vis i bil ity covaries to a lesser ex tent with RH on the 

east coast (Ta ble 3), so even with the large er ror in fore cast -

ing RH, a smaller er ror in vis i bil ity would re sult.

4.4 Lo gis tic Re gres sion: What Con trols Prob a bil ity of
Ex tremely Low Vis i bil ity?

Re sults of the lo gis tic re gres sion are shown in Ta ble 4.

The east coast sta tions and off-shore is lands (YU, CS, ZN,

LT, QC) were not in cluded in the anal y sis, since fre quen cies

of oc cur rence of vis i bil ity £ 1600 m were too low (Ta ble 1).

Also, from anal y ses of AIC (section 2.3.2) we see that nei -

ther rain nor wind speed ap pears to be re lated sig nif i cantly to 

oc cur rence of low visibility.

We can see that val ues of exp (mi) vary greatly, rang ing

from be low 1.0 to even over 3.0. This means that the “base -

line prob a bil ity” of low vis i bil ity var ies sig nif i cantly from

month to month. How ever, at al most ev ery site the larg est

val ues oc cur dur ing the months of Jan u ary and Feb ru ary,

which are also the months when the low est av er age visi -

bilities are ob served around Tai wan (Fig. 1), sim ply in di cat -

ing that fog events con trib ute sig nif i cantly to the low visi -

bilities in January and February.

Val ues of exp[b(100 - RH)] at the dif fer ent sta tions are less

than 1.0 and vary within a rel a tively tight range of 0.7 ~ 0.8.

Thus as the at mo sphere be comes drier, i.e., in creased (100 -

RH), the odds of a low vis i bil ity event de creases. This can be 

seen in Fig. 6 for AY. The es ti mated de pend ence of p with

respect to (100 - RH) is also shown as the solid line. High

RH is cer tainly a req ui site con di tion for fog for ma tion; for

in stance, Croft et al. (1997) found that the best sta tis ti cal

pre dic tor for dense fog in south ern US was the sur face-

 level RH. Like wise, Tsai and Cheng (1999) pointed out that

the high RH in cen tral Tai wan caused the pres ence of early
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Fig. 5. Sources of un cer tain ties in fore cast ing vis i bil ity 24 hours into

the fu ture, based on the mul ti ple lin ear re gres sion at var i ous sta tions

around the Tai wan re gion. The var i ous bars re fer to uncertainties

arising from in ad e qua cies in the fit ted sta tis ti cal model (“Fit”) and er -

rors in the fore casted val ues of ex plan a tory vari ables (“RH”, “PM2.5”,

“PMcoarse”, and “Wind”). Vari ables deemed sta tis ti cally un re lated to

vis i bil ity at a sta tion are not in cluded within the un cer tainty anal y sis.

Val ues are in units of me ters and re fer to the stan dard de vi a tion (rather

than vari ance) svar, fcst for ex plan a tory vari able var.



morn ing fog in the late win ter and early spring.

PM2.5 and PM10-2.5 are sta tis ti cally sig nif i cant at some

lo ca tions and in crease p. PM is known to af fect the micro -

physical prop er ties of fog. A larger num ber of par ti cles lead

to smaller, but higher num ber of drop lets (Twomey 1977).

Be cause the opac ity of fog in creases with drop let con cen tra -

tion, the vis i bil ity would also de crease with PM (Croft et al.

1997), thus in creas ing p.

5. CON CLU SIONS

Through sta tis ti cal anal y ses, this study has re vealed the

fol low ing:

l Vis i bil ity ex hib its sys tem atic vari a tion from month to

month, with low est val ues dur ing the win ter months;

l On the West Coast of Tai wan, PM2.5 and RH are re lated most 

to vis i bil ity, and to a lesser ex tent, PM10-2.5 and windspeed;

l On the East Coast, rain fall plays a more sig nif i cant role in

re duc ing vis i bil ity;

l Wind di rec tion was found to be a poor pre dic tor of vi -

sibility;

l PM2.5 causes a larger drop in vis i bil ity than PM10-2.5.

The oc cur rence of low vis i bil ity (£ 1600 m) events such

as fog is shown to:

l be rare on the East Coast and off-shore is lands;

l in crease with RH at all sta tions;

l in crease with PM at some lo ca tions;

l be un re lated to other vari ables such as windspeed, wind

di rec tion, and rain fall.

A quan ti ta tive anal y sis of un cer tain ties shows that large

er rors still ex ist if the re gres sion model is used to fore cast

vis i bil ity 24 hours into the fu ture. The larg est er ror source is

the fore cast er ror in RH (sRH, fcst), which can reach val ues as

large as 3000 m. Next is the er ror in the sta tis ti cal model

(sfit), which is ap prox i mately 1500 m. Given such large er -

rors, the re sult ing pre dic tions in vis i bil ity would have un cer -

tain ties (as sum ing each term be ing uncorrelated) of ap prox i -

mately 1500 30002 2  +   = 3350 m.

These large un cer tain ties di rectly point to fu ture steps to 

im prove vis i bil ity fore casts. sfit can be eas ily re duced by

adopt ing a more so phis ti cated sta tis ti cal model. Sep a rate co -

ef fi cients for each month can be fit ted. Also, in stead of re ly -

ing en tirely on 24-hour fore casts of ex plan a tory vari ables,

the sta tis ti cal model can make use of ob served val ues of

these vari ables within the 24-hour win dow in a time-lagged

cor re la tion re gres sion. Ad di tional pre dic tor vari ables can be

in cor po rated that would likely have rel e vance for vis i bil ity,

such as syn op tic pat terns (e.g., po si tions of pres sure sys -

tems), tur bu lence strength, or cloud cover.

Re duc ing sRH, fcst

 

is much more dif fi cult. The sig nif i cant

er ror in RH of 17.5% re ported by Chien et al. (2006) de rives

from an ad vanced, en sem ble sim u la tion of mesoscale mo -

dels over Tai wan. Ad di tional im prove ments may re quire

significant in vest ment in as sim i lat ing into mesoscale mod els 

dif fer ent hu mid ity ob ser va tions - e.g., from ra dio sondes and

sat el lites such as AIRS (Aumann et al. 2003). It is clear that

with out ac cu rate pre dic tions of RH, pre cise vis i bil ity fore -

casts are not pos si ble. De ter min ing the amount of liq uid

water sus pended in the at mo sphere at ten u at ing light - the

reason be hind se vere vis i bil ity re duc tions un der foggy con -

di tions - re quires knowl edge of RH.

The un cer tainty due to PM2.5 (sPM2.5, fcst) is on the or der

of sev eral hun dred me ters, much less than that due to RH but

larger than the er rors due to the other ex plan a tory vari ables.

The 24-hour fore cast er ror of 11 mg m-3 for PM2.5 (Yu et al.

2008), based on state-of-the-art air qual ity mod el ing sys tem

in the US, is likely larger for Tai wan, where the pop u la tion

den sity (642 peo ple km-2) is vastly higher than in the US

(31 peo ple km-2) (http://www.wikipedia.org; ac cessed Au -

gust 2008) and where strong emis sions as so ci ated with po -

pulation cen ters are ex pected to trans late into higher mag -

nitudes and gra di ents of PM con cen tra tions (Fig. 4), in creas -

ing the dif fi culty of PM pre dic tion. Even in the US, where

sig nif i cant ef fort has been in vested into com pil ing ac cu rate

in ven to ries of PM sources, con sid er able un cer tain ties still

ex ist (Si mon et al. 2008).

PM fore casts can be im proved by im prov ing the PM

emis sion in ven to ries by com bin ing the PM con cen tra tion

ob ser va tions with a model of at mo spheric trans port. Known

as “in verse anal y sis”, this method has been widely ap plied to 

other at mo spheric spe cies such as CO2 (Lin et al. 2004), CO
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Fig. 6. Vari a tion of p, the prob a bil ity of oc cur rence of low vis i bil ity

events (£ 1600 m) with the de par ture from sat u ra tion (100 - RH) at AY.

The curve is the fit ted de pend ence from the lo gis tic re gres sion. The

gray points in di cate the ob served prob a bil i ties.



(Miller et al. 2008), or CFCs (Hurst et al. 2006).

Ul ti mately, vis i bil ity should be a fore cast vari able di -

rectly pre dicted by nu mer i cal pre dic tion mod els, by pass ing

the need to use sta tis ti cal mod els. To wards this end the mo -

dels need to in cor po rate more mech a nis tic de scrip tions of

pro cesses such as microphysics and ra di a tive trans fer, i.e.,

the trans for ma tion of hy dro me teors plus the scat ter ing/ab -

sorp tion of ra di a tion by aero sols and wa ter drop lets. How -

ever, this is clearly be yond the ca pa bil ity of most mod els,

with the large un cer tainty in pre dict ing RH be ing symp to -

matic of such de fi cien cies. More over, most nu mer i cal mo -

dels in ad e quately re solve de tails of rel e vance for vis i bil ity,

which are at the sub-gridscale (Hansen 2007). In the ab sence 

of di rect nu mer i cal pre dic tion ca pa bil i ties for vis i bil ity, the

sta tis ti cal ap proach ex em pli fied by the one de scribed in this

pa per will con tinue to be of value, and the con sid er able un -

cer tain ties iden ti fied above need to be over come.
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